ABSTRACT: A key technical problem of seismic response analysis of nuclear island buildings under the condition of non-rock foundation is the effective simulation of soil-structural interaction (SSI) and the nonlinear characteristics of soil. A seismic response analysis calculation model of nuclear island buildings on non-rock foundation is established on the basis of software platform of SuperFLUSH, which adopts equivalent linear method to describe the nonlinear dynamic characteristics of the near field ground, by setting viscous artificial boundary in the limited area of foundation to simulate the impact of radiation damping, and takes advantage of one-dimensional finite element method to make a response analysis of free field for the ground motion input. At last, by taking calculation model of CPR1000 nuclear reactor on the non-rock foundation as the object of study, the numerical examples verify the reliability and engineering application of the established model. Furthermore, the results of study can provide reference for seismic analysis of adaptability of inland nuclear power plant foundation and optimization design of foundation treatment scheme under the condition of non-rock foundation.
INTRODUCTION
With the growing demand of energy across the world and the increasingly strengthened environmental protection, the popularization and application of clean energy has become an inevitable trend. Nuclear power has great development potential in replacing fossil energy as one of the clean energy. However, improving the safety of nuclear power is the primary challenge to accelerate the development of nuclear power, of which the seismic capacity of nuclear power buildings is an important part of nuclear safety guarantee [1] [2] .
At present, the design of nuclear power plants usually adopts the standard design. Therefore, it is particularly important to select the nuclear power site. However, the resource of nuclear power site in China has been increasingly tense and the potential nuclear power site area has been basically covered by bedrock site. In order to meet the requirements of the rapid development of nuclear power, building nuclear power plant on the non-rock foundation in the inland areas becomes an inevitable direction of development [3] [4] . Obviously, the seismic response analysis of nuclear power plant structure on non-rock foundation has become a key problem to solve urgently. Solving the seismic response influence of complicated non-rock foundation on nuclear power plant structure needs to fully consider the dynamic interaction of structure-infinite foundation, soil nonlinear, complex and changeable site surface geometry and other issues. Presently, a wide range of research work has been conducted at home and abroad on this issue. Dynamic interactions: boundary element model and scaled boundary finite-element model [5] [6] focus on the accurate simulation of infinite region which strictly satisfy the boundary conditions at infinity, and can seamlessly interface with finite. But, this kind of model often tends to space-time global coupling and the number of discrete degrees of freedom at the interface of structure with foundation is various, resulting in the pressure of storage and computing increased. By contrast, local artificial boundary model [7] [8] with space-time decoupling characteristics not only simplifies the calculation, but it sets viscous boundary in the outer boundary of finite element model to describe wave energy dissipates to infinite field, with high efficiency and good usability. So the model attracts the wide-spread attention of scholars. As for the research of nonlinear simulation of nuclear island plant near-field ground is still less. Now the mainly adopted procedure in the international is the calculation procedure recommended by the United States ASCE4-86 standards, such as SASSI, CLASSI, FLUSH, etc., mainly using the equivalent linear method proposed by Seed [9] , but still existing some limits in solving actual projects. CLASSI and SASSI procedure can be used for threedimensional power analysis. However, it is difficult for mass calculation due to the limits of the degree of freedom. So the meshing of three-dimensional nuclear island plant model is rough and the computational efficiency is low, besides, because of substructure method is adopted in the above two calculation procedure, it is hard to consider the nonlinear of soil and the interaction of pile-soil simultaneously when carrying on research of pile foundation treatment of non-rock foundation. So the above two procedures are not suitable for engineering applications. FLUSH procedure adopts quasi three-dimensional dynamic analysis and rigid base assumption, the setting depth of rigid base should be determined by sensitivity analysis, and doesn't have a good solution to the absorption of the reflected wave energy.
In order to solve the above problems, paper based on the computing platform of SuperFLUSH, by applying viscous boundary at the bottom of the finite element model to simulate the semi-infinite foundation, setting viscous boundary at side to absorb the wave energy dissipated from the side, and using one-dimensional finite element method for the free field response analysis to achieve the input of ground motion, and for the near field ground , using equivalent linear method to simulate the nonlinear effect, so a nuclear island structure seismic response analysis model of non-rock foundation is established. Furthermore, taking the lumped mass simplified model of CPR1000 reactor type reactor building on a non-rock foundation as the object of study, through comparative analysis of the floor acceleration response spectrum of key nodes and then study the influence of SSI effect and soil nonlinear on seismic response of nuclear island building. The research results have certain guidance and reference value for the evaluation of the adaptability of the similar non-rock foundation in the inland nuclear power plant.
SEISMIC RESPONSE ANALYSIS MODEL OF NUCLEAR ISLAND STRUCTURE OF NON-ROCK FOUNDATION
As is shown in Figure 1 , structure-infinite foundation dynamic interaction model of nuclear island plant on non-rock foundation consists of the generalized structural part (FEM part) and the stratified free foundation model which is set at side to show the semi-infinite foundation. The generalized structure part includes nuclear island plant structure and near field ground of which the lithology is complex and needs to consider the heterogeneous and nonlinear characteristics. The key technical functions are as follows: Figure 1 . Seismic response analysis of nuclear island under the condition of non-rock foundation.
Soil nonlinear model
Compared to the linear treatment of nuclear power batholith site under strong earthquake, it is more complex to carry on the seismic response analysis of nuclear island plant on non-rock foundation. Especially, the core technical problem needs to solve is how to consider the influence of soil nonlinear dynamic characteristics under strong earthquake. Paper based on the equivalent linear method of nuclear power structure seismic analysis to simulate the nonlinear characteristics of soil. Equivalent linear model is based on the equivalent shear strain to obtain equivalent shear modulus and equivalent damping ratio, and then the nonlinear problem is simplified to a linear problem. This method uses the iterative principle and obtains the equivalent shear strain through equivalent shear modulus and damping ratio in each calculation and then compares unit shear strain to see whether it meets the convergence requirements. If not, according to the curve between G-γ and D-γ to modify shear modulus and damping ratio and then begin the next calculation, the specific calculation process is shown in Figure 2 0.65 max eff  γ γ (1) In the formula, 0.65 is the equivalent strain coefficient;
γmax is the maximum shear strain. Due to the equivalent linear method uses the linear iterative principle and the total stiffness keeps constant in each iteration, so the method usually can meet the requirements in 5 iterations according to the abundant engineering expe-rience. Therefore, in the premise of meeting the accuracy requirements of project, it greatly reduces the workload and computation. 
Viscous boundary site model
Setting the viscous artificial boundary at the outer boundary of foundation calculation region to reflect the influence of far-field foundation radiation damping is one of the common ways the infinite domain dynamic model of rock foundation adopted. As stated above, although paper adopts equivalent linear method to simulate the nonlinear properties of non-rock foundation, from the perspective of model assumption, it is still assumed that soil keeps linear elastic mechanical properties in each iteration. Therefore, it can still set the viscous artificial boundary at the outer boundary of calculation region. The viscous artificial boundary is also recommended by the ASCE 4-98. Viscous boundary site model is realized by viscous boundary and equivalent load, the purpose of which is to simulate the stress boundary conditions of the actual wave field. As shown in Figure 3 , take a two-dimensional model as example, set the dampers to absorb the reflected wave energy and apply equivalent load P to satisfy the stress boundary condition. So the stresses imposed on the artificial boundary points are:
In the formula,  is medium density; Vp , Vs is respectively the velocity of p-wave and s-wave;
x  U , y  U are respectively the normal and tangential incentive velocity of artificial boundary nodes; a and b are the undetermined constant, which are determined by the incident wave energy absorbed by boundary. Study shows that when a=b=1 can basically meet the conditions that the reflected wave energy can be fully absorbed by the boundary. For example, the node of j and j+1, the relationships between equivalent load P and equivalent stress σ , τ of node are as follows: 
In the formula, hj is the controlling height of two adjacent nodes on the artificial boundary;   s C j is the viscous boundary matrix;  U is the velocity vector of scattering field applied on the artificial boundary.
It is worth noting that the total field fluctuations can be divided into the superposition of free field fluctuations and scattering field fluctuations at the artificial boundary. It can be expressed as
In the formula, t  U is the total velocity vector; f  U is the free field velocity vector. Free field is the seismic input of this model.
For the ground motion input, the observation of ground motion is often in and near the surface. It needs to calculate the ground motion at the bottom of model when needs to input the observed ground motion into the model. In addition, for the multi-heterogeneity foundation, it also needs to get the response at the boundary in order to apply the equivalent load. Therefore, it must carry on the free field response analysis [10] . In paper, one-dimensional finite element method is used for the free-field response analysis to get the motion vector of each grid matching node and as the known input conditions of artificial boundary model. As is shown in Figure 3 , we can establish a finite element model of soil column surrounded by free boundary, whose one end is connected with the inner domain finite element, and the other end is connected to the far field semi-infinite foundation.
SEISMIC RESPONSE ANALYSIS OF NUCLEAR ISLAND BUILDING STRUCTURE
In background of CPR1000 stack type reactor building on a non-rock foundation of inland, using the calculation model of seismic response analysis established in paper to carry on the dynamic response analysis of under earthquake action.
Calculation model and parameter selection
3.1.1 Nuclear island plant structure CPR1000 reactor plant (RX) consists of three main components: raft foundation, containment structure and internal structure. Using lumped mass-beam element to simulate the overall structure of plant, mass and moment inertia of structure focus on the each node, and geometrical moment of inertia and shear area between two adjacent nodes are simulated by the beam of connecting nodes. The structure in X and Y direction is symmetrical on a plane. Nuclear reactor model is shown in Figure 4 and other parameters of each floor are shown in tables 1-3. 
Calculation model and parameters of foundation
The nuclear island site foundation is heterogeneous and non-rock foundation, which consists of different types of clay, sand and other ingredients. The total number of layer of foundation is 8 and horizontal layer is obvious. The layer thickness, dynamic shear modulus and other parameters are listed in Table 4 .
The relationship curves of dynamic shear modulus ratio G/G0, damping ratio D and strain of each soil layer measured by experiment are shown in Figure 5 . Nuclear island raft foundation length b=39m, therefore the left, right side and the depth direction of finite element calculation model depicting l=2b. The specific calculation ranges: right and left sides extending 50m, depth taking 85m. In calculation range, the region is dispersed by plane four-node is o parametric element and finite element mesh density is guaranteed to have 4-8 nodes within each wavelength.
The whole model consists of 1915 nodes, 1810 units, and the finite element calculation model on non-rock foundation is shown in Figure 6 . 
Calculation case
In order to investigate the influence of soil-structural dynamic interaction and the nonlinear of soil foundation, three kinds of different working cases are selected to compare, as is shown in Table 5 . 
Input ground motion
In the calculation and analysis of this example, the inputted seismic wave is RG1.60 seismic time history curve, as shown in Figure 7 . And of which, the horizontal peak acceleration is 0.932 m/s2, the vertical peak acceleration is 0.540 m/s2, total duration is 28 s and time step is 0.01 s. 
Calculation results analysis
The highest points floor of containment shell and internal structure are selected respectively, by comparing and analyzing the calculated acceleration response spectrum of 5% damping ratio in different cases, it can be seen that the value of seismic response at vertex node is larger than the lower part nodes, and the difference between corresponding calculated results of vertex node is also larger than the lower part nodes, with the properties of envelope and representative. The acceleration response spectra curves of node 8 and 12 are shown in Figure 8 and the comparison of peak value of acceleration response spectra and the corresponding peak frequency under three different conditions are listed in Table 6 and 7. By the comparison of case 1 and case 2 considering impact of SSI effect, we can see from the Figure 8 that compared with the rigid foundation model in case 1, adopting the viscous boundary model to simulate radiation damping of infinite foundation has a significant weaken effect on acceleration response of nuclear island. Although the trend of acceleration response spectra curves are similar, but the value reduces over-all, the maximum reduction of horizontal is about 39% and the vertical is about 55%. In addition, in Table 6 and Table 7 we can also know that the peak frequency of condition 1 and condition 2 are basically similar, but the peak acceleration varies greatly. For considering the influence of soil nonlinear, from the calculated results of case 1 and case 2 shown in fig.8 can find that compared with the case 2 without considering the soil nonlinear, in horizontal, peak frequency in low-frequency of acceleration response spectra shifts to lower-frequency and the amplitude of response spectra reduced in varying degrees in case 3 with considering the impact of soil nonlinear. In vertical, the change law of acceleration response spectra is roughly similar with the horizontal, but the change of amplitude is smaller than the horizontal.
Through comparing the case 1 and case 3 can know that at the thought of viscous boundary model and soil nonlinear, the change of acceleration response spectra amplitude is significant. The maximum reduction extent is about 81% and the amplitude reduction is about 7.1g appearing in X direction of node 8. Besides, the acceleration peak frequency also offsets to the lower-frequency.
CONCLUSION
Paper adopts viscous artificial boundary to simulate the radiation damping effect of semi-infinite foundation, of which using one-dimensional finite element method for free field response analysis to input the ground motion of heterogeneous foundation, and uses the equivalent linear method to simulate nonlinear effect of near field ground foundation to establish the seismic response analysis calculation model of nuclear island building on non-rock foundation. Furthermore, paper also carries on the floor response spectra analysis of CPR1000 reactor type reactor plant in different working cases based on a real nuclear island site foundation. By comparison, we can draw the following conclusions:
(1) When the foundation finite field is small, with the consideration of the influence of SSI effect on nuclear island building, compared with the viscous boundary model, rigid foundation model has some limits in the simulation of semi-infinite space, which cannot effectively absorb the scattered wave energy then lead to the calculation result larger. Considering the effect of non-rock foundation nonlinear on nuclear island building, on the one hand, in the horizontal and vertical, the amplitude of acceleration has varying degrees of reduction and the horizontal is more significant. On the other hand, the peak frequency shifts to lower-frequency significantly. This is mainly because of the consideration of nonlinear effect, with the equivalent shear strain becomes larger, shear modulus and damping ratio of the equivalent linear method model desperately decreases and increases and result in the decrease of foundation frequency, which makes the acceleration amplitude of nuclear island building structure increases in lower-frequency and has a reduction effect on spectra peak value without linear processing.
(2) It is necessary to consider SSI effect and nonlinear characteristics of non-rock foundation for the seismic analysis of nuclear island building. The model established in paper can simultaneously simulate the infinite radiation effect and the near-field foundation nonlinear effect properly. When applied to the dynamic time history response analysis of a real nuclear island plant structure, the calculated results verify the model is reasonable and reliable.
(3) The calculation model established in paper belongs to the category of direct method, which can be applied to the pile-soil-structure dynamic interaction analysis with the consideration of SSI effect and soil foundation nonlinear. Therefore, if the site foundation of nuclear island cannot meet seismic suitability requirements, it can be easy to carry on the numerical simulation research of foundation treatment scheme, which is also the next main research work content.
